In karst regions, soil architecture varies along topographical locations, resulting in marked differences in infiltration rates. However, the relationship between soil architecture and preferential flow (PF) is still unclear. In this study, dye tracing was used to investigate PF and the dominant effects of five types of soil architecture in a small karst catchment. These soil architectures included deep clay soil in farmland (CSF) and deep clay soil in shrubland (CSS) in the depression; shallow clay soil with minimally weathered, slanted bedrock on downslope locations (CSWD); shallow sandy loam soil with highly weathered bedrock on midslope locations (SLSM); and sandy loam soil with rock fragments on upslope locations (SLSU). The results showed that macropores and cracks were the major channels that resulted in a high degree of PF in depressions and downslope locations. Preferential flow also continued along the rock-soil interface in the downslope locations. Finger flow mainly appeared in mid-and upslope locations, and cracks mainly appeared in the surface soil layer. However, down-and upslope locations showed lower PF. We observed that PF might not contribute to the different infiltration rates in different topographical locations. Tillage in depressions damages macropores, thereby minimizing vertical percolation. The high saturated hydraulic conductivity (K s ) of the soil matrix covered the development of PF in the mid-and upslope locations, and the decrease in K s weakened the formation of PF as a result of heterogeneity of soil properties. These findings demonstrate that infiltration-excess runoff may occur in depressions and downslope locations and that saturation-excess runoff may occur in mid-and upslope locations.
Abbreviations: CSF, deep clay soil in farmland; CSS, deep clay soil in shrubland; CSWD, shallow clay soil with minimally weathered, slanted bedrock on downslope locations; K s , saturated hydraulic conductivity; PF, preferential flow; SLSM, shallow sandy loam soil with highly weathered bedrock on midslope locations; SLSU, sandy loam soil with rock fragments on upslope locations.
Preferential flow, which refers to the channeling of infiltrating water bypassing large fractions of the soil system without conforming to Darcy's law, is widespread in the soil (Weiler, 2001; Sanders et al., 2012) . As the occurrence of PF is usually associated with highspeed and high-volume water movement, PF significantly affects runoff (Rossi and Ares, 2016) , water infiltration (Bargués Tobella et al., 2014) , and surface-underground water quality (Clothier et al., 2008; Garrido and Helmart, 2012; Beven and Germann, 2013) . Soil architecture refers to the organization of soil across scales ranging from microscopic to megascopic and encompasses three interlinked components at each scale: solid component, pore spaces, and their interfaces (Lin, 2012; Ma et al., 2017) . Soil architecture is often highly heterogeneous because of the diversity of soil-forming factors, such as materials, climate, biology, human activities, and time, resulting in varied soil hydraulic properties (Kutílek and Nielsen, 2007; Chen et al., 2012a; Fu et al., 2015) . Previous studies have demonstrated that PF is linked to soil architecture, which in turn affects the heterogeneous water infiltration process (Kutílek and Nielsen, 2007; Allaire et al., 2009; Jarvis et al., 2016) . Different soil architectures result in different PF characteristics because of the heterogeneity of soil texture, soil layering, and distribution of rock fragments (DiCarlo, 2013; Wallach et al., 2013) . Soil texture influences the PF pattern and stability of PF paths. Novak (2001) and Li and Lin (2016) pointed out that macropores and cracks, which are attributed to wetting-drying cycles and effect of vegetation, develop better in uniform clay soil than in loam soil. Mooney and Morris (2008) reported that finger flow often occurred in coarse-textured soils lacking a proper structure. Soil layering usually changes PF process because of differences in soil permeability among soil layers. Preferential flow may change from vertical to lateral directions at the layered soil architecture with reduced permeability (Germann and Zimmermann, 2005) . However, PF occurs as finger flow when a fine-textured soil layer covers the coarse-textured soil layer (Allaire et al., 2009) . Rock fragments in the soil act as a negative permeability medium, which results in heterogeneous wetting front. Nevertheless, the distribution, content, size, and weathering degree of rock fragments are markedly associated with the PF process (Zhang et al., 2016) . Nasri et al. (2015) reported that the dynamic interphase between rock fragments and the surrounding fine soils has particularly distinct PF features, for example, high macroporosity of interphase area.
Regarding the PF at the rock-soil interface, Sohrt et al. (2014) discovered that surface runoff continued below the ground as PF along the rock-soil interface because of significant difference in hydraulic conductivity between the bedrock and soil and differences in clay content and organic carbon content between interface soil and soil matrix. However, heterogeneous soil architecture leads to complex processes in PF. Although independent studies have indicated that PF in soil is regulated by an array of factors, a holistic understanding of various PF mechanisms is required. In karst environments, the effect of soil architecture on PF is still a contentious question because of the high spatial heterogeneity. In karst environments, where rocky desertification is severe, soil and water conservation is the key to ecological restoration and reconstruction (Wang et al., 2004) . Karst peak cluster depression areas are a typical geomorphic unit in which depression is lower than the hillslopes surrounding it, with waterlogging in the depressions and drought on the hillslopes. Previous studies have shown that the surface runoff coefficient is always <5% on the hillslopes (Chen et al., 2012a; Peng and Wang, 2012) , and precipitation recharges most of the groundwater by infiltration. Chen et al. (2012a) further suggested that surface runoff generation was more closely related to the local substrate structure than to land use. However, substrate structure is complex in hillslopes and depressions (Chen et al., 2017) . The spatial distribution of soil and permeable bedrock showed heterogeneous soil architecture along different topographical locations (Ford and Williams, 2007; Li et al., 2008; Chen et al., 2012a) . Chen et al. (2012b) reported an increasing trend of infiltration rates from the bottom to top of hillslopes. Most of the studies are focused on K s on horizontal and vertical scales, and there is little information on PF. Therefore, several questions remain to be answered, for example, what kinds of PF patterns occur in different soil architectures? How does soil architecture affect PF? Does PF contribute to the low or high infiltration rate? A better understanding of the relationship between soil architecture and PF would contribute to the understanding of complex hydrological processes.
Based on a survey of soil architecture in the catchment, five types of soil architecture in different topographical locations were selected for this study. We aimed at studying the PF process qualitatively and quantitatively with the application of dyeing tracer technology. The objectives of our investigation were to investigate the PF patterns in different soil architectures and discuss the effect of PF on water infiltration.
Material and Methods

Study Site
The study area (24°43¢58.9²-24°44¢48.8² N, 108°18¢56.9²-108°19¢58.4² E) was located at the Huanjiang Observation and Research Station for Karst Ecosystem, Chinese Academy of Sciences, Huanjiang county of northwest Guangxi, southwest China (Fig. 1) . It is a typical small karst dolomitic peak-cluster depression catchment, with an area of 1.14 km 2 and an elevation ranging from 272 to 647 m asl. It is characterized by a flat depression (0.29 km 2 ) surrounded by mountains, and around 60% of the slopes have slope gradients >25°. The average annual precipitation is 1389 mm and the average annual temperature is 18.5°C.
The soils have been developed from dolostone. The topsoil in the depression is mainly brown and dark brown limestone soil, and the bottom layer is quaternary red soil or yellow soil. The average layer thickness is 50 to 100 cm. Soils developed on the upslope have a sandy loam texture with rock fragments and reach depths of 50 to 70 cm. Along the hillslopes, the soils are shallow and the clay content increases from upslope to downslope. The soil depth varies strongly in relation to the irregular surface of the underlying weathered dolomite. The farmland in depression and downslope was abandoned in the 1980s, and a part of the depression was reclaimed as farmland in 2004. Tussock grasses and shrubs dominate most of the hillslopes and abandoned depressions.
Tracer Experiment and Dye Image Analysis
The dye tracing experiments were performed at eight sites for five types of soil architecture with three to four repetitions at different topographical locations (Fig. 1) . In the depression, there were two soil types: CSF and CSS. On the hillslopes, there were three soil types: CSWD, SLSM, SLSU.
The gradient of every site was <10°. All the sites were covered with shrubs except the CSF site, which was covered with crops, and the SLSM site, which was covered with sparse shrubs and grass (Table 1 ). The detailed information of the difference in soil morphological and physical properties among soil architectures is presented in Table 2 . Ideally, it is best to perform all experiments under similar initial moisture content, which can significantly affect the PF. However, this was not possible in our case because the average water content of clay soil was higher than that of the sandy loam soil. The experiment was performed in the late dry season when the soil in different sites was dry owing to the lack of effective rainfall, and the soil moisture content varied less during the late dry season. Thus, to some extent, the effect of water content on the test sites was weakened.
Dye solution (20 L) containing 4 g L −1 Brilliant Blue FCF (Shanghai Dyestuffs Research Institute Co., Ltd) was selected to visualize the infiltration pattern owing its good visibility, low toxicity, and weak adsorption in soils (Flury et al., 1994; Weiler and Flühler, 2004) . The solution was sprayed onto the delimited dyeing area (0.5 by 1 m 2 ) after removing any dead leaves and stone cover. Surface runoff was avoided to ensure that the entire solution infiltrated. This equated with an average rainfall intensity of 40 mm h −1 (comparable with a natural rainfall event). After 24 h under a covering of thin film, the vertical sections were excavated along the longer side. In each dyeing area, three to five stained profiles were obtained at approximately 5-to 15-cm intervals. In the SLSU site, acquiring a neat and complete stained section was difficult than that at other sites because of the rock fragments. Consequently, the separation distance (10-15 cm) between analyzable profiles was larger than that at the other sites.
To avoid boundary effects, only 0.32 m 2 of the 0.5 m 2 of the total sprayed surface was used for strained image analysis in Photoshop CS5. Image processing was based on the procedures proposed by Weiler and Flühler (2004) and Alaoui and Goetz (2008) . We used the cutting tool to correct the photographs. By taking horizontal and vertical rulers placed on the excavated section as the baseline, we cropped the photo with perspective option with a profile width of 80 cm. The image size was adjusted to the rulers with image-size option and 1 by 1 mm 2 was redefined as one pixel. The stained areas were enhanced by maximizing saturation of the blue stains. The blue (high concentration of Brilliant Blue) and yellow (low concentration of Brilliant Blue) colors indicated the stained area. Brown (soil) and white (weathered bedrock) colors indicated the unstained areas (Alaoui and Goetz, 2008) . Thereafter, we used the magic wand tool to fill the unstained areas with white (level: 255) and the stained areas with black (level: 0). The image was classified into black (stained areas) and white (unstained areas), which were used to calculate the vertical change of stained area using MATLAB 2015.
We used the output data to calculate the following parameters as indices of PF for each image: uniform infiltration depth, maximumstained depth, total dye coverage, and PF fraction (van Schaik, 2009 ). The uniform infiltration depth (the depth at which dye coverage p. 4 of 10 decreased below 80%) represents the depth of the uniform infiltration flow, where the infiltrated front was relatively uniform. Soils with a high degree of PF have low values of this parameter (Benegas et al., 2014; Bargués Tobella et al., 2014) . Total dye coverage is the sum of dye-stained areas in the image, and it was lower when the PF was higher (Flury et al., 1994) . In the present study, the evaluation of PF was based on the combination of stained area and stained depth.
The maximum-stained depth represents the maximum penetration depth of water in the PF path (van Schaik, 2009) . The PF fraction is the fraction of total infiltration, which flowed through PF paths, and it was calculated as (van Schaik, 2009):
where, PF − fr is the PF fraction; UniFr is the depth of the uniform front (cm), which was multiplied by the width of the profile (80 cm); and TotStAr is the total stained area (cm 2 ). It is well known that the distribution of infiltrated water in the soil depends strongly on the soil physical parameters. Hence, the increased soil moisture content is variable throughout the stained area, which is a biased estimate of the total infiltration. However, the total stained area is the best estimation of total infiltration into the profiles in the present study because a profile with higher infiltration capacity will have a higher conductivity and larger stained area (van Schaik, 2009 ).
Measurement of Soil Properties
Before the dye tracing experiment, we collected the disturbed soil with an aluminum box around the staining site (<1 m from sampling site to staining site) with two repetitions for measuring the initial moisture content at different depths (determined by the soil genetic horizon). During the excavation of profiles, the undisturbed soil was collected with two repetitions from the middle part of each soil genetic horizon for measuring the bulk density, porosity, and saturated hydraulic conductivity. Disturbed soils of each soil genetic horizon were collected for determining particle size distribution. Soil properties were measured according to the procedure of Fu et al. (2015) . The root density of different soil layers was decided based on the statistical data with 10-by 20-cm gridding in situ (Bouillet et al., 2002) . The content of rock fragments was quantified by image analysis without dividing stones into different size classes. Rock fragments with a minimum diameter of 1 cm could be distinguished (Zhu and Shao, 2008) .
Statistical Analysis
The data were analyzed using Excel 2016 and SPSS 19.0 (IBM Corp., 2010) . The replicate data of soil property were summarized using averages and standard deviation. The LSD method (P < 0.05) was used to analyze the differences in the four PF parameters among the different soil architectures after checking normality and homogeneity of variance, and the data were transformed if necessary. 45.00 ± 1.94 6.34 ± 0.12 † CSF, deep clay soil in farmland; CSS, deep clay soil in shrubland in the depression; CSWD, shallow clay soil with minimally weathered, slanted bedrock on downslope locations; SLSM, shallow sandy loam soil with highly weathered bedrock on midslope locations; SLSU, sandy loam soil with rock fragments on upslope locations. ‡ The depth of soil genetic horizon was larger than field surveys. § The soil-rock interface was slanting. Therefore, the depth of B and C genetic horizon varied. ¶ The soil genetic horizon was discontinuous.
Results
Analysis of Preferential Flow Patterns in Depression Soil Architecture
During the excavation process, we found clear indications of macropores and cracks ( Fig. 2a and 2b) . At the CSF sites, the distribution of stained path indicated macropore and crack flow with mixed interaction in the tillage layer but with low interaction under the tillage layer (Fig. 2a-1 and 2a-2) . The stained area showed a sharp decrease with depth in the 0-to 25-cm tillage layer. Only 7% of the total stained area appeared in the soil below 25 cm, where the stained path was weak and discontinuous. At the CSS sites, the dotted and narrow striped distribution of the dyed area in the images indicated macropore and crack flow with low interaction in the entire soil section (Fig. 2b) . Not all the cracks and macropores were stained, indicating that some of the cracks in the soil were independent and closed. The trend of the stained area was relatively flat (Fig. 3b) . The stained area was >25% in the A genetic horizon (0-10 cm) and decreased gradually from 25 to 0% in the B genetic horizon.
Analysis of Preferential Flow Patterns in Hillslope Soil Architecture
At the CSWD sites, the stained path was similar to that at the CSS sites in soil. However, the stained paths in rock-soil interface and weathered bedrock were visible (Fig. 2c) , and the dye tracer did not penetrate the rock (Fig. 2c-2) , which indicated rock-soil interface flow and crack flow. The stained area decreased rapidly from 100 to 50% in the 0-to 5-cm layer, and there were several wave peaks at different depths with an overall decreasing trend (Fig. 3c) .
At the SLSM and SLSU sites, crack flow existed in the A genetic horizon where a part of the soil was not stained, and we could find shrinkage cracks on the soil surface (Fig. 2e-1 and 2d-1) . The stained front became gradually unstable and finger shaped ( Fig. 2e and 2d-1) . At the SLSU sites, "fingers" appeared between the stones or in the parts with high rock fragment content ( Fig.  2e-2) . At the SLSM sites, the depth of the stained area in the C genetic horizon was larger than that in the fractures, which were filled with sandy soil (B genetic horizon) (Fig. 2d-1) . Consequently, the "fingers" appeared in the C genetic horizon. The stained area was high in the 0-to 30-cm layer and decreased sharply below 30 cm (Fig. 3d,e) .
Evaluation of the Degree of Preferential Flow in Different Soil Architectures
The degree of PF in the CSS and CSWD sites was generally higher than that in the SLSM, SLSU, and CSF sites (Fig. 4) . All four parameters used in this study to quantify the degree of PF showed the same overall trend (Fig. 4) . The uniform infiltration depth below which PF was initiated was 35 cm at the SLSM sites, a value significantly higher than that at the CSF and SLSU sites, which were significantly different from each other (32 and 10 cm, respectively). The uniform infiltration depth at the CSS and CSWD sites were the lowest (Fig. 4a) . Therefore, at the CSF, SLSU, and SLSM sites, water flowed uniformly through the soil matrix down to deeper depths. In contrast, at the CSS and CSWD sites, PF was initiated earlier as shown by the shallower uniform infiltration depths. The dye coverage in the SLSU (32%) and SLSM (34%) sites was significantly larger than that in the CSF (12%), CSS (13%), and CSWD (11%) sites (Fig.  4b) . However, the maximum infiltration depth at the CSS sites (58 cm) was not significantly deeper than that at the other sites, but it showed internal heterogeneity (Fig. 4c) . This difference indicates that a larger fraction of the infiltrating water at the CSF, CSS, and CSWD sites was channelized through preferential pathways. The average values of the PF fraction indicate that only 15 and 16% of the stained area corresponded to PF pathways at the SLSU and SLSM sites, respectively. In contrast, this value increased to 82 and 91% at the CSS and CSWD sites, respectively, while the CSF sites represented an intermediate stage with an average value of 31% (Fig. 4d) .
Discussion
Effect of Topographical Locations on Preferential Flow
The variations in PF patterns and degree among topographical locations were attributed to the differences in root distributions and soil architectures. Many studies have shown that the presence of roots improved preferential infiltration and helped the development of PF paths (Laine-Kaulio et al., 2014; Wu and Watson, 1998; Zhou et al., 2009 ). Nie et al. (2014) reported that roots in karst areas were mostly distributed in the near surface layer and had increased lateral development. In this study, analysis of the excavated sections showed that the root density in A horizon was significantly larger than that in B horizon. We think that root growth showed limited effects in deep soil, thus contributing to the significantly decreasing vertical dye coverage at the CSS and CSWD sites (Fig. 3b,c) . In addition, it was found that root density at CSS and CSWD sites was significantly larger than that at SLSM and SLSU sites (Table 2 ). More overlapping PF paths would result in increased porosity and accelerate the exchange of water between the soil matrix and PF paths (Ghestem et al., 2011; Liu et al., 2018) . Therefore, the dye coverage at SLSM and SLSU sites was significantly larger than that at CSS and CSWD sites (Fig. 3) .
Soil architecture varied with topographical locations, and the effect of topography was partly reflected in soil texture. The clay content at CSS and CSWD sites was high and the profile showed homogeneity. However, at SLSM and SLSU sites, high sand content and low clay content with rock fragments produced a coarse soil profile with high spatial heterogeneity. Soil with high clay content appears to have high shrink-swell potential and is prone to cracking (Albright et al., 2006; Amidu and Dunbar, 2007; Costa et al., 2013) . In this study, we found cracks in the entire soil profile of the CSS and CSWD sites, and most of the cracks were stained by weak lateral mass exchange (Fig. 2b,c) . Shaw et al. (2000) and Vervoort et al. (1999) found the strongest nonequilibrium and smallest fraction of diffusion water in soil horizons with larger clay contents. We think that soil with high clay content decreases lateral exchange and increases PF. Nevertheless, coarse soil with high sand content organizes the interconnected void spaces, which weakened the advantages of PF path. Therefore, the wetting front of stained areas at SLSM and SLSU sites was relatively uniform when compared with that at CSS and CSWD sites (Fig. 2) .
The spatial heterogeneity of soil properties affects the PF process as well. We found that the K s value decreased with soil depth, and the mean K s of the entire profile at SLSM and SLSU sites was higher than that at CSS and CSWD sites (Table 2) , which is in accordance with the results of Fu et al. (2015) . This indicates that a water-resisting layer exists, which serves as a hydrological recharge site with potential for ephemeral water tables that enhance lateral diffusion in the top layer (Bockheim and Hartemink, 2013; Li et al., 2013 Li et al., , 2015 . At the SLSM site, the soil profile was composed of three types of soil textures with clear interfaces between them ( Fig. 1d; Table 2 ). Therefore, PF may change from vertical to lateral directions, which in turn accelerates the horizontal flow of water. Rock fragments and soil-bedrock interface acted as special cases for spatial heterogeneity. Rock fragments may reduce the continuity of macropores, and the main flow of water in stony soils is often through the matrix (Buchter et al., 1995; Zhang et al., 2016) . Although the stones created a heterogeneous water flow, no significant flow heterogeneities were detected at SLSU sites (Fig. 2e) . The same conclusions were drawn by Buchter and Hinz (1997) . However, at CSWD sites, shallow buried weathered bedrock resulted in rapid hydrological processes (Fu et al., 2016b) , which contributed to the development of cracks in the soil layer (Fig. 2c) . Early studies showed that cracks in karst generally promote PF flow into the bedrock because its surface is mostly uneven (Ford and Williams, 2007) . Once a PF path is established, it will lead to intensified dissolution and the widening of flow paths (Liedl et al., 2003) . Nevertheless, at SLSM site, the weathered bedrock displayed different functions because of the higher degree of weathering. In highly weathered bedrock, the spatial heterogeneity of weathering degree contributed to the nonequilibrium of dyeing front.
Effect of Tillage on Preferential Flow in the Depression
Many researchers have concluded that tillage significantly changes soil architecture and affects hydraulic properties in the topsoil (Ritsema et al., 1998; Shipitalo et al., 2000; Beven and Germann, 2013) . It often results in the formation of a plow pan and the compaction or pulverization of a part of the soil in the tillage layer (Mossadeghi-Björklund et al., 2016) . In the tillage layer at the CSF sites, the existing structure is pulverized by cultivation and this destroys the structural macropores (Malone et al., 2003) , resulting in significant difference in hydraulic conductivity between the tillage layer and plow pan (Table 2) . Moreover, cultivation destroys the connectivity of macropores between the tillage layer and the deeper soil layer (Ingelmo et al., 2011; Schwen et al., 2014) , which effectively blocks macropore flow. In addition, excessive tillage accelerates erosion and the refinement of soil particles. The eroded soil particles can also block soil macropores (Han et al., 2010; Chen et al., 2014) . These factors resulted in significant dye coverage in the tillage layer but little dye coverage in deep soil layer (Fig. 2a, 3a) .
Despite the fine tilth and lack of functioning macropores, PF paths were still generated or reestablished in the tillage layer (Jarvis, 2007) . We could not find an additional PF pathway where the Fig. 4. Boxplots (minimum, P25, P50, P75, maximum; n = 10, 10, 7, 9, 10) of different variables measured at the different sites: (a) uniform infiltration depth; (b) dye coverage; (c) maximum infiltration depth; (d) preferential fraction. All the data were normalized using Blom's Formula. Different letters indicate statistical differences (P<0.05) among different soil architectures. CSF, deep clay soil in farmland; CSS, deep clay soil in shrubland in the depression; CSWD, shallow clay soil with minimally weathered, slanted bedrock on downslope locations; SLSM, shallow sandy loam soil with highly weathered bedrock on midslope location; SLSU, sandy loam soil with rock fragments on upslope locations. local tillage-induced soil compaction contributed to the formation of cracks that were filled with loose soil. The stained image shows that the infiltrated water was transported through the cracks into the subsoil with limited exchange into the hardened soil ( Fig. 2a-1 ). This phenomenon was also reported by Petersen et al. (2001) and Kulli et al. (2003) , who suggested that PF can still be generated in conventionally tilled soils, either along ped faces or loose soil regions between denser structural elements within the plowed horizons in strongly aggregated soils, or at the compacted interface (plow pan) with undisturbed subsoil, if the topsoil is only weakly structured. Overall, tillage weakened vertical percolation, but it increased the lateral flow and enlarged the range of motion in horizontal directions.
Influence of Preferential Flow on Water Infiltration
The process of soil water infiltration is dominated by soil infiltrability and PF. Soil infiltrability is a basic property of soil, but PF is affected by several factors (Table 3) . At CSS and CSWD sites of the study area, the soil matrix of the clay soil showed low hydraulic conductivity (even tending to zero) ( Table 2 ) but displayed a high degree of PF. The limited diameter of stained paths (Fig. 3b,c) indicated low or hard diffusion between the PF paths and the soil matrix (Bargués Tobella et al., 2014) . Therefore, PF paths (cracks and macropores) were the major infiltration channels; however, these paths have limited role in improving groundwater recharge. Fu et al. (2016a) reported that >70% of total rainfall water moved vertically through the soil layer and was then redistributed by the epikarst as a subsurface flow occurring along the soil-epikarst interface. In the present study, the stained area along the soil-rock interface (Fig. 2c) provided indirect evidence for it. The staining image of rock ( Fig. 2c-2) showed that some of the infiltrated water that was transferred along the cracks could move into the weathered rock, providing effective evidence for the storage capacity of epikarst zone ( Fig. 2c-2) . Nobles et al. (2010) also reported that weathered limestone was not only involved in rapid groundwater recharge through water infiltration but also served as moisture storage media that affected the available plant water capacity. Overall, the PF paths were the major channels for water infiltration in the CSS and CSWD sites. When the precipitation intensity was higher than the conductivity of the PF paths, surface flow occurred, which indicated infiltration-excess runoff.
Significantly different results were found for the effect of PF on soil water infiltration at SLSM and SLSU sites (Table 3) . There are some indications that the higher the slope, the lower the infiltration both into the matrix and through PF paths (Léonard et al., 1999; Weiler and Naef, 2003; Öhrström et al., 2002) . However, our study suggested more PF pathways and higher infiltration rates with stronger diffusion into the matrix at SLSM and SLSU sites. As mentioned earlier, the spatial heterogeneity of the interlinked components of soil architecture, roots, and gravels promoted noncapillary porosity (Table 2 ) and the establishment of crossing PF paths. With more PF paths and higher saturated hydraulic conductivity, low surface runoff can be expected, as many researchers have reported on karst hillslopes (Chen et al., 2012a; Peng and Wang, 2012) . A large portion of storm water flows through PF channels in coarse soil and recharges the soil matrix quickly owing to several factors. The higher diffusion (suggested by higher dye coverage) indicated that infiltrated water could be stored in the soil matrix and that vertical movement would occur when the soil was saturated or close to saturation, providing evidence for saturation-excess runoff. Zhang et al. (2011) also reported that saturation-excess runoff was the main surface flow pattern in karst hillslopes.
Conclusions and Suggestions
There are multiple PF patterns in karst soils. In the depression, macropores and cracks were the primary channels for rapid water infiltration owing to the significantly lower hydraulic conductivity and higher water holding capacity of clay soil. Tillage-induced local compaction of soil also contributed to the formation of cracks in the tillage layer. On the hillslopes, macropores and cracks in soils, fractures in weathered bedrock, and the rock interface acted as preferential flow paths, which contributed to the rapid process of water discharging. On the mid-and upslope locations, finger flow, macropore flow, and crack flow in the soil profiles were attributed to the spatial heterogeneity caused by soil properties, roots, and a rapid wetting-drying cycle. Table 3 . Summary of the relationship between preferential flow (PF) and infiltration. All results were based on the research in profile scale. The infiltration rate was referred from Chen et al. (2012b) .
Topographical location PF pattern PF degree Infiltration rates Description Depression macropore flow; crack flow high low (i) macropores and cracks are the major channels of water infiltration; (ii) fine soil structure holding stable macropore and crack contributed to the high degree of PF; (iii) limited hydraulic conductivity of PF paths and lower saturated hydraulic conductivity of soil matrix contributed to the infiltration rates. Downslope macropore flow; crack flow high low (i) same as (i), (ii), (iii) for depression location: (ii) shallow covered weathered bedrock contributed to PF.
Midslope crack flow; heterogeneous flow low high (i) the spatial heterogeneity of soil property contributed to the heterogeneity of wetting front; (ii) the decrease in hydraulic conductivity with depth weakened the heterogeneity of wetting front; (iii) the high saturated hydraulic conductivity of entire soil profile contributed to the high infiltration rates; (iv) the effect of PF was covered by the high infiltration capacity of soil matrix.
Upslope crack flow; heterogeneous flow low high (i) same as (i), (ii), (iii), and (iv) for midslope location; (ii) the distribution of rock fragments contributed to the heterogeneity of wetting front.
The results of this study have profoundly changed our understanding of the hydrology of karst regions. Mid-and upslope locations, where the soil showed high infiltration rate, does not present high PF degree in soil profile scale. However, depression and downslope locations, where the soil showed low infiltration rate, presented high PF degree. In the depression, restoration of vegetation led to the development of macropores and a crack network, but long-term tillage destroyed the connectivity of macropores and limited the vertical percolation in farmland. On the mid-and upslope locations, the coarse soil texture, roots, and gravel formed an interlaced macropore network, which led to the high hydraulic conductivity of the entire soil profile, thereby overwhelming the development of PF through the profile.
There are certain limitations to this study. All experiments of this study were performed at the soil profile scale. Although the degree of PF of the entire profile was lower on mid-and upslope locations, this does not indicate that there is no preferential flow in other scales. Preferential flow at larger scales (slope, catchment) would need other tracer experiments. This study was performed in the dry season when the soil water content was low and the variation was small. However, initial moisture content was undeniably an important factor for the occurrence of preferential flow. Therefore, we should carry out more experiments for better understanding of PF under different initial conditions.
